Abstract By using high resolution two-dimensional (2D) gel electrophoresis coupled with computer-analysis we have established a quantitative Drosophila wing imaginal disc protein database of third instar larvae as a reference to be used for comparative purposes in genetic studies. A general catalogue integrated by 1,184 35 S-methionine-labelled polypeptides from wing imaginal disc has been obtained. The level of expression for all the proteins has been quantitatively determined. The quantitative reproducibility of the analysis system has been estimated and all the controls studied as database reference to interpret the results of experiments with mutant discs. One example, corresponding to iro 1 mutation, has been used to show how some of the changes observed with mutant discs clearly extend out of the limits defined by the controls. This enables us to generate comparative parameters for the study of proliferation, morphogenesis and differentiation of Drosophila and opens the possibility of rapidly defining the nature and quantity of changes in patterns of gene expression in developmental genetic studies. 
Introduction
Since its development by O'Farrell, high resolution twodimensional (2-D) gel electrophoresis has proven to be the most powerful technique to examine overall patterns of gene expression of a given cell type (O'Farrell 1975) .
A full description of the technique can be found in the original articles (O'Farrell 1975; O'Farrell et al. 1977) but, in summary, it is based on two steps of electrophoresis in polyacrylamide gels. Isoelectric focusing in thin cylindrical gels in the presence of urea and a neutral detergent is used in the first dimension to separate the proteins by charge, and sodium dodecyl sulphate (SDS) electrophoresis on vertical slabs is used in the second dimension to separate the proteins by molecular weight. Under carefully controlled conditions, protein separation is reproducible to the extent that the position with respect to its neighbours and quantity of each protein can be compared under various experimental conditions. In addition, with proper quality control, radioactive samples can be prepared from as few as 1,000 cells and proteins present in as little as 10 -7 parts of the original sample can be detected. At present, the development of appropriate software allows us to quantify and compare the complex 2D protein patterns by computer analysis (Bossinger et al. 1979; Garrels 1989) . This permits us to construct comprehensive, computerized databases of different biological origins or experimental conditions (Garrels and Franza 1989; Hughes et al. 1993; Corbett et al. 1994; Celis et al. 1995; Latter et al. 1995) .
In this article, we present applications of this technique to generate comparative parameters for the study of proliferation, morphogenesis and differentiation in Drosophila.
Materials and methods

Strains
Laboratory stocks of wild-type Drosophila melanogaster (strain Vallecas; Spain) were used for this study.
Preparation of probes
Imaginal discs were dissected from crawling mature larvae as previously described (Santarén 1990) . Dissected discs were placed in a well of a Microtest II tissue culture plate (Falcon No. 3042 ) and incubated for 60 min in 50 µl Ringer's containing 50 µCi [ 35 S]methionine (Amersham, UK; SJ 204) at 25°C. Following incubation, the medium was removed and the discs resuspended in 100 µl lysis buffer.
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Dev Genes Evol (1996) 206:349-354 © Springer-Verlag 1996 Two-dimensional gel electrophoresis Two-dimensional gel electrophoresis was performed as previously described by O'Farrell (O'Farrell 1975; O'Farrell et al. 1977 ) with some modifications (Santarén 1990 ). Gels were processed for fluorography (Laskey and Mills 1975) , dried, and exposed at -70°C for various periods of time. Approximately 10 6 cpm trichloroacetic acid (TCA)-precipitable [ 35 S]methionine was routinely applied to each gel.
Computer analysis of 2D patterns
The fluorograms were digitized at 176×176 µm resolution with a pdi scanning densitometer. The resulting 2D images were analysed with PDQUEST TM software (Version 5.0) running on a SPARC station IPC microcomputer (Sun Microsystems).
Results and discussion
The Drosophila wing protein database
In this article, we have tried to show some of the analytical possibilities that the current 2D gel technology offers to the study of developmental genetic problems in Drosophila. A Drosophila wing imaginal disc protein database has been established using computer-analysed 2D gel electrophoresis. We have selected the wing imaginal discs of third instar larvae as a reference because it is one of the most extensively studied in developmental and genetic terms of all the imaginal discs (Santarén and Garcìa-Bellido 1990; Assiego and Santarén 1992; Santarén et al. 1993a) .
As a first stage in the present study we evaluated the level of resolution obtained from the automatic analysis of the PDQUEST system described by Garrels (Garrels 1989) . To illustrate this, Fig. 1 shows how a high resolution 2D fluorography (Fig. 1A ) from wing imaginal discs of third instar larvae of Drosophila is transformed by the computer in a standard spot map (Fig. 1B) . Each polypeptide has been assigned a number to integrate the database. Obviously, the number of spots detected in the fluorographs is a function of the amount of radioactivity applied on the gel and the exposure time. We have analysed this variation in detail. Appliying 10 6 cpm per gel, the number of detected spots in the acidic gels (IEF) increases linearly until 4 days of exposure (874 spots). The slope then decreases and, after 10 days, it is possible to detect 1,376 spots. Ten more days of exposure only increases this number by 53 spots. Similar results were obtained with basic gels (NEPHGE) with a lower number of spots detected (290 after 20 days). Taking these results into account, we select 10 days of exposure as the maximal time for analysing our gels (always making exposures of 4 h, 1 day and 4 days as well in order to avoid "saturated"spots). In this way, the final image is obtained by computer merging the different autoradiographs obtained with the four exposure times into a "synthetic image".
If we remove the very weak spots (less than 20 cpm) we can obtain a database in which a total of 1184 35 S-methionine-labelled polypeptides (952 acidic, IEF and 232 basic, NEPHGE) have been separated and catalogued. This number is above the 1,025 polyopeptides catalogued in our "manual" database previously reported (Santarén 1990 ). The method used does not resolve very basic proteins or proteins having M w >200,000 or <8,000. Figure 2 shows the synthetic image of the complete standard spot map corresponding to acidic (IEF) as well as basic (NEPHGE) gels. This database represents a reference of protein synthesis patterns in the study of regulation of cell proliferation, differentiation and morphogenesis. The main aim of the database is to be used for comparative purposes.
Comparing this number with other databases of different biological systems, we found it similar to the 1,388 spots detected in the human myocardial database (Corbett et al. 1994 ) but considerably lower than the 3,154 and 3,500 spots reported for human keratinocytes and Saccharomyces cerevisiae cells respectively (Celis et al. 1995; Latter et al. 1995) . 
Controls
If we want to use the database as a reference map to perform quantitative experiments we need a preliminary study of the quantitative reproducibility of the analysis system. The greatest benefit of computer analysis comes when the patterns are highly standardized. That analysis can be used to gauge the overall magnitude of a biological response in terms of the number and amplitude of the changes of protein synthesis. In this way we further analyse the variations due to both the "experimetal methods" as well as those due to a "biological origin". First, to examine the reproducibility of the spot detection and integration procedures in our experimental system, a fluorogram representing the acidic proteins of third instar larvae wing imaginal discs was scanned twice. The matched data from the duplicate scans were plotted as a scatter plot in which each protein was plotted according to its intensity in the first scan (x axis) versus its intensity in the second scan (y axis; Fig. 3A ). This type of plot is useful because it displays both the deviations from a ratio of 1 and the intensity of each spot. It can be seen that the points from duplicate scans were tightly clustered about the diagonal. A similar result was obtained with basic gels.
In a second control experiment, duplicate gels were run from the same sample and a fluorogram of each scanned. In this comparison the points on the scatter plot were less tightly clustered (Fig. 3B) .
A third experimental control is the comparison of duplicate samples of wing imaginal discs of the same stock, but labelled in different experiments (Fig. 3C ). This con- trol includes all experimental errors, including the genetic polymorphism of the strain. The standard deviation from the histogram of ratios can be used as a measure of relatedness for the samples compared as well as the number of proteins that differ by twofold or more (0, 14 and 22% in Fig. 3A , B and C) and the number of qualitative changes. The two major conclusions that can be drawn from this analysis are that first, no qualitative changes were observed in the samples and second, quantitative changes are always less than eightfold.
Wild-type variations
Previous experiments were done using wing imaginal discs from third instar larvae from the wild-type strain Vallecas (Spain) isolated from 50 isofemales 20 years ago. As a last control we compared the expression pattern of wing imaginal discs from larvae of other wildtype strains including Hunter Valley, (Australia, isolated 12 years ago), Canton-S (USA, laboratory standard) and Viñuelas (Spain, isolated 10 years ago). In all cases, the range of quantitative changes observed is very similar to that represented in Fig. 3D that corresponds to the comparison of wing imaginal discs of Vallecas and Canton-S. Approximately 32% of the polypeptides show quantitative variations that are never greater than 12-fold. In addition, in these experiments, we have detected a small number of qualitative changes (proteins that appear or disappear) affecting less than ten polypeptides. These results are indicative of genetic polymorphism in wild-type strains. These patterns lay the foundations of a standard Drosophila database needed to interpret the results of experiments with mutant discs.
Mutational variations
One exciting application of the 2D gel technique is the monitoring of systemic changes in the pattern of protein synthesis caused by mutations. Before any general understanding of the phenomenon can be obtained, it will be useful to know what fraction of the proteins is altered in rate of synthesis due to a mutation in a given locus, over what range their rate of synthesis is altered and which sets of proteins are coordinately regulated by different mutant loci. Mutational changes can affect a single protein or more often cause a pleiade of changes in gene expression resulting from the primary perturbation. In order to explore the potentiality of the database described above to study different aspects of development, differentiation and morphogenesis in Drosophila, we are currently analysing wing imaginal discs carrying different kinds of mutations. As a general rule, the 2D gels from mutant wing discs show differences greater than those observed in the controls previously described in terms of standard deviation and number of quantitative and qualitative differences. As an example to illustratate the variation of our system we present here the results obtained with wing imaginal discs homozygotic for the iro 1 (iroquois) mutation, a mutation affecting the regional distribution of sensorial organs in Drosophila. Figure 4 summarizes the comparison of the two samples. On the ordinates we have represented the intensity (in cpm) of each spot analysed and on the abscissa we have the ln ratio obtained for each polypeptide in the two samples (wt and iro 1 ). Significant quantitative changes correspond to those outside the two vertical dotted lines, that delimit the range of quantitative variations due to the variability of the stock and the experimental method mentioned above. Qualitative changes correspond to proteins absent in the wild type but that appear in the mutant (ln ratio=∞) or proteins that are present in the wild type but that disappear in the mutant (ln ratio=-∞).
Although it is out of the scope of this paper to give a detailed description of all of the changes observed, we can summarize the results indicating that a total of 46 mutation-sensitive polypeptides have been revealed by the analysis of the overall patterns of protein synthesis of pairs of wild type and iro 1 wing imaginal discs. Twenty one of them correspond to quantitative changes, involving an increase or decrease of at least 12-fold in the levels of expression of a particular polypeptide, whilst the remaining 25 correspond to qualitative changes. A detail of the gel showing some of the differences is seen in Figure 5. 352 Fig. 4 Scatter plot corresponding to iro 1 (iroquois) mutation. Each protein is plotted according to its intensity (on the ordinate) and its ln ratio [quotient between the intensity in the wild-type (wt) and iro 1 ] as the abscissa. Actin spots (more than 10,000 cpm) are not included in the figure& / f i g . c :
Compared with the differences between wt strains seen above the deviation with respect to the standard (wt) third instar wing disc caused by the mutation iro 1 is much larger. Although not quantified in the same way, differences between imaginal discs of the same age (Santarén et al. 1993a ) and between wing discs of the two sexes (Santarén and García-Bellido 1990) are also smaller. However, major changes have been found between larval and pupal differentiating wing discs (Santarén 1990 ). The incorporation of this complementary information to mutants opens the possibility of rapidly defining the nature and quantity of changes in patterns of gene expression in developmental genetic studies. The possibility of making 2D gels of single imaginal discs with 50,000 cells (Santarén and García-Bellido 1990) can be extended to the study of younger, smaller imaginal discs (Santarén 1990 ) of genotypes leading to larval pupal lethality.
One of the major problems encountered in building databases based on the analysis of 2D gels is the identification and characterization of the large number of proteins separated by this technique. To solve this problem, two different approachs are currently being used. The first is microsequencing; it is possible to obtain partial sequence information from most of the proteins resolved by 2D gels that can be visualized by Coomassie blue staining. Indeed, several proteins recovered from 2D gels have been microsequenced so far (Santarén et al. 1993b ). Currently, we have microsequence data of 24 polypeptides. The second approach to identify proteins in the database is to perform experiments of comigration with purified proteins or immunoblotting using the ever-growing collection of specific Drosophila antibodies. 
